Sand ripples, familiar from ocean floors, are studied by oscillating an annular sand-water cell. Empirical rules for the onset and disappearance of ripples are uncovered and compared with simple dimensional arguments, and with prior experimental and theoretical work. In addition the dynamical behavior of sand ripples are investigated, and the existence of a secondary instability where small and large wavelengths coexist in space is shown. Finally, by visualizing the fluid flow above the sand ripples the paper describes vortices which are an integral part of the ripple formation and show that there is a strong coupling between two different types of vortices and the sand ripple pattern itself.
I. INTRODUCTION
It is impossible to swim near a sandy beach at the ocean side without being struck by the regular pattern of ripples, usually a few centimeters in wavelength, that form on the ocean floor. These have been studied for a long time.
Gilbert showed in 1899 1 that a surface wave can create sand ripples, because the fluid-even in deep water-is oscillating back and forth. This motion can be expressed by an elliptical equation. 2 The water particles move in ellipses at the surface, and as one proceeds downwards, the vertical amplitude of the ellipses vanishes smoothly giving rise to a simple back and forth motion of fluid at the bottom. Darwin 3 in 1883 initiated the experimental and theoretical effort to model the natural situations which give rise to sand ripples: He filled a cylindrical vessel with sand and water and performed rotational oscillations with a jerking motion.
Darwin's work was followed by that of Ayrton, 4 who made general observations on the development and behavior of ripples and the water motion above them. She showed that ripple formation is closely related to the appearance of vortices in the flow. Later Bagnold 5 in 1946 studied the behavior of sand ripples quantitatively. By oscillating a pendulum bob in still water he found a simple empirical expression for the critical amplitude of water motion needed for the first disturbance of a smooth sand surface. Additional experimental evidence 6 suggests that there are two different mechanisms which operate in a cycle of motion: On the one hand, particles are trapped in the vortex structure when this structure begins to be established and on the other hand, the particles are carried far away from the point where they were picked up as the flow reverses.
Manohar
7 also reported on ripple formation, but in a different geometry. Rather than driving water over stationary sand, he oscillated a flat tray covered with sand beneath water. In this case, the relative motion of the water with respect to the sand layer is equivalent to the one induced by a surface wave but with an important difference: An additional inertial force acts on the sand particles.
Recently, Blondeaux and Vittori 8 examined the time evolution of vortices by numerical analysis of the vorticity equation and of the Poisson equation. They found that an oscillatory flow over a rippled bed produces a secondary vortex which influences the initial vortex structure. In addition, they showed that there is a route from a periodic behavior to chaos in an oscillatory flow which follows the Feigenbaum scenario. 9 However, the theoretical aspect of the connection between those vortex structures and the process of sand pattern formation remains to be understood.
In this paper, we study ripple formation in an annular cell. Although this geometry has some effect upon wavelength selection, phenomena previously observed in a onedimensional channel are reproduced. The advantage of an annulus is that it allows us to avoid end effects. We carry out measurements of ripple onset and the restabilization of ripples. Special attention is paid to the visualization of the flow and its relation to the sand pattern. We also report on secondary instabilities occurring in sand ripples, namely a long scale modulation of the amplitude and wavelength and its later evolution to a spatial period doubling bifurcated state.
The remainder of this paper is divided into three sections. In Sec. II we describe the behavior of our system as a function of various experimental parameters. We measure the transition between a stable flat bed and the development of vortex ripples and the point where ripples disappear due to high erosion rates. These results are compared with earlier work. We find that our results are in reasonably good agreement with a prediction of Taylor. 5 Moreover we show that the restabilization of the pattern, i.e., the disappearance of ripples, is due to inertial effects.
The selection and the dynamics of the wavelength are described in Sec. III. First, we explore how the wavelength of ripples changes when the frequency is increased gradually. We observe that it remains constant in a certain frequency range, but increases drastically at a critical point. Above this critical point the wavelength is still well selected. The transition depends strongly on the size of the frequency step and displays strong hysteresis. A further increase of the frequency results in a second transition after which the final state of the system shows two different wavelengths coexisting in space. This transition is also hysteretic and related to a secondary bifurcation of the system.
In Sec. IV we report on the vortex structure in the fluid and relate it to particle motion during the process of pattern formation. This is done for different Keulegan-Carpenter numbers ͑the ratio of amplitude of motion and ripple wavelength͒, as well as for different Reynolds numbers. The relation between the flow and the sand pattern for a state of two coexisting wavelengths is also investigated.
II. ONSET OF RIPPLE FORMATION

A. Experimental setup
We have carried out experiments in two sets of apparatus; a linear channel and an annular channel. The linear channel is better suited for visualizing the flow above the rippled surfaces. However, for the purpose of measuring phase diagrams, the annular apparatus is preferred because it avoids end effects which strongly influenced measurements in most prior experimental work in this field. Our work is carried out in a regime where the motions are essentially one dimensional; the implications of this choice are discussed later inthe text.
Our linear channel consists of a plate oscillated by a rod connected to an eccentric wheel. The frequency f and the total amplitude A of these oscillatory motions can be varied from 0 to 4 Hz and from 5 to 110 mm, respectively.
In order to test the importance of lateral boundary effects we have built four different linear channels for use on our oscillating plate. Their widths are 19, 25, 37, and 75 mm, with the length in each case 400 mm. The height of the water in the tank is 160 mm and the height of sand in the channels is 2.5 mm. At all frequencies tested, we observe that in all channels the wavelengths and amplitudes of the patterns are the same, except in the larger channels, where grain boundaries can appear. These correspond to the interface between two domains of equal wavelength and amplitude, but shifted by half a wavelength in the direction of the flow. We conclude that the channel width does not play any role in the selection of the pattern when the frequency is large enough. In our experiment this is the case when f is larger than 0.5 Hz in a channel of 20 mm width.
Since all experiments in a linear channel have to deal with the problem that after a few cycles sand is carried from the middle of the tray to both ends, where it finally drops off, we have also developed an annular geometry, where no sand is lost and such end effects are avoided. All our measurements referring to the development and behavior of sand ripples are performed in the annular channel. The linear channel is only used for the flow visualization described in Sec. IV.
The heart of this second apparatus is a sand-water cell, which consists of two concentric cylinders fixed to a bottom plate and closed by a cap. This forms an annular channel, in which particles and water are located ͑Fig. 1͒. The sandwater cell is linked with the same rod described previously to oscillate the cell. A conical mirror, which produces a 45°p rojection of the circular side view, is used for visualization of the time evolution of the whole pattern. This side view projection is observed from above with a video camera. The entire apparatus is mounted on a tripod to allow leveling.
The width of the annular channel is 20 mm. The outer diameter of the outer cylinder is 178.5 mm, and the cylinders are made of Plexiglass whose walls are 12.5 mm thick. For sand we use spherical glass particles with a diameter D, varying from 0.001 to 1 mm. However, because cohesion plays a significant role in the case of very small particles ͑they stick together͒ and because for larger particles the sand diameter exceeds the boundary layer, we only take into account measurements which were done with the following mean particle diameters: 0.06, 0.11, 0.2, 0.3, and 0.4 mm. The density of this material is 2.5 kg/l .
B. Experimental results
In this section we describe the primary transitions of the system in a phase space defined by the driving frequency f, the amplitude of motion A, and the particle size D. All measurements presented in this section are taken in the annular channel. All quantities that result from our measurements and which are presented and discussed after this section can be expressed in terms of four dimensionless numbers. 10 The dimensional quantities involved are the fluid density , the kinematic fluid viscosity , the particle density , the particle size D, the total amplitude A, the frequency of motion f, and the gravitational acceleration g.
Combining these quantities we obtain the four following dimensionless numbers:
where F d is Froude number, R ␦ is the Reynolds number, R d is the particle Reynolds number, and s is the ratio of sediment to fluid density. In a first experiment we keep D constant and explore the development of sand ripples by changing A and f. Starting at a constant amplitude and low frequencies we obtain a stable flat bed. In Fig. 2 , the view from above of the sand-water cell refers to the annulus around the closed circle, which is surrounded by the outer cylinder of the cell and finally by the 45°projection of the circular side view. As the frequency increases in small steps we observe that at a certain frequency there is a sharp transition between no movement of particles and the development of vortex ripples as shown in Fig. 2 . We call this frequency f ␣ . At this critical frequency grains start to move back and forth over the surface. The length of the grain path is short; about ten times smaller than A, but quickly increases as f rises past f ␣ . As time evolves, the rolling grains become organized and give rise to little wavy ridges a few grains high. This kind of structure, which is called ''rolling grain ripples,'' has been observed previously 5 and reported to be stable. However, in our case, rolling grain ripples never stabilize to a finite amplitude. They always constitute a transient prelude to the formation of full-fledged ripples. The vortex ripple structure arises as described by Bagnold, 5 suddenly and with finite amplitude. The transition is therefore subcritical; when the frequency is decreased below the critical point the ripple pattern remains, reflecting a strong hysteresis.
An increase of the frequency f beyond f ␣ leads to a second transition frequency, f ⑀ , where vortex ripples disappear and the bed restabilizes. At restabilization, many particles move back and forth, their distance of travel is on the order of the amplitude A, but no persistent structure is observed either in the flow or on the sand bed. By changing the amplitude and determining the two transition frequencies we obtain a phase diagram in the plane ͑f,A͒. This phase diagram is shown for Dϭ0.11 mm in Fig. 3 . For small amplitudes A, f ␣ , and f ⑀ are found at higher frequencies, while for larger amplitudes the vortex ripple zone is shifted to smaller frequencies. Figure 4 shows the phase diagram for D ϭ0.11 mm as an ln plot. By using the best curve fit we ob- tain: ln( f ␣ )ϭ2.526Ϫ0.646 ln(A) and ln( f ⑀ )ϭ2.716 Ϫ0.508 ln(A) for the appearance of vortex ripples and disappearance of vortex ripples, respectively.
It is interesting to ask how strongly the phase diagram depends upon the particle size D. To check this dependence, we have carried out experiments with particle sizes ranging from 0.001 to 0.5 mm. In Fig. 5 , the experimental results for Dϭ0.4 mm are seen. As before, all transition points lie on two different straight lines which define the borders of the vortex ripple zone. Compared with the results for D ϭ0.11 mm ͑Fig. 4͒ it is clear that the area where vortex ripples appear decreases and that there is a well-defined critical point at small amplitudes, below which no ripples form. Below the critical point, there is a continuous transition from stable flat sand beds to motion of sand particles without pattern formation. For Dϭ0.4 mm this critical point can be found at Aϭ9.1 mm and f ϭ4.2 Hz. We find that as D decreases the amplitude A of the critical point decreases and its frequency f increases. Unfortunately, our apparatus limits our ability to investigate directly the critical point for small particles, because due to mechanical constraints our system cannot be driven at frequencies higher than 4.5 Hz.
For Dϭ0.5 mm the amplitude of ripples Ã is very small and it is difficult to determine when ripples appear or disappear. Therefore we do not take these measurements into account. Further experiments with larger amplitudes of motion are necessary to explore this region. For particles of size 0.001-0.020 mm we do not observe any ripples. These particles first behave in water like a fluid but stick together after some hours and form a solid surface.
Analyzing our measurements, it follows that the vortex ripple zone is defined by two curves:
where bϭ0.648Ϯ0.012, cϭ2.65Ϯ0.03, and dϭ0.495 Ϯ0.05 are constant and all independent of D.
By plotting a vs ln͑D͒ ͑Fig. 6͒ we find:
where mϭ3.23Ϯ0.10 and nϭ0.31Ϯ0.06. From ͑5͒ it follows that vortex ripples appear at
where c 1 ϭe m ϭ25.2Ϯ2.7. This can be compared with the work of Taylor 5 in which he derives a condition for the initial motion of particles under the influence of water which is oscillating horizontally. Taylor distinguishes two different cases: laminar and turbulent flow, respectively. He shows that the critical frequency f im where the grains first move can be written as follows:
͑ii͒ turbulent flow,
where ␥ϭ/Ϫ1.
Comparison with our empirical formula shows that the exponent of A is in good agreement with Taylor's result. The empirical exponent of D shows that our measurements fall in an intermediate regime. However, the exponent 0.31 is closer to the laminar regime. This shows that the force acting on the particles due to the flow is rather a viscous type force. The typical value of the Reynolds number in our experiment is about 20. Thus, Taylor's arguments suggest that the destabilizing mechanism of ripple formation is caused by a competition between the fluid force acting on the particles and an opposing packing force.
For the disappearance of ripples we obtain:
.
͑11͒
Here c 2 ϭe c ϭ14.2Ϯ0.5. As in the case of initiation of vortex ripples, there must be a competition between the forces acting on the particles at the transition to restabilization. Because the Reynolds number is high, we cannot neglect inertial forces on the particles. However, if these inertial forces are out of phase with respect to the motion, they are then able to remove grains from the crests of the ripples in the part of the cycle where the viscous force is small. This can occur if the inertial force on a spherical particle /6(2 f ) 2 AD 3 is larger than the packing force /6(Ϫ)gD 3 . Balancing both forces we obtain the critical frequency for restabilization which varies like A Ϫ1/2 and is independent of the particle size. Both facts are in agreement with our empirical formula ͑11͒. Therefore, we conclude that inertial effects are mainly responsible for the disappearance of the vortex ripples in our experiment.
We also observe ''cross-pattern ripples'' ͑Fig. 3͒. Here the maxima of the ripples, which always point to the center of the cell, are crossed by an azimuthal ripple of constant amplitude.
This kind of pattern has been found in nature on the sea bottom of Tatado Beach, Izu Peninsula, Central Japan. 11 
Rubin
12 points out that cross-pattern ripples are produced by an oscillatory flow. Because this kind of pattern only occurs at small amplitudes, we conclude that it is an example of the well-known brick-pattern ripples where bridges perpendicular to the direction of oscillation form in the trough between two ripples. But these bridges are not linked from trough to trough as in cross-pattern ripples. The bridges are shifted half a wavelength and are at the same position every second trough.
As in the case of cross-pattern ripples, brick-pattern ripples were also experimentally found at small amplitudes of motion by Bagnold, 5 Manohar, 7 and Sleath. 13 Sleath claims that brick-pattern ripples are formed by horseshoe vortices. Vittori and Blondeaux 14 showed in a theoretical investigation that brick-pattern ripples can be explained by the interaction of two-dimensional and three-dimensional perturbations which grow simultaneously.
Hara and Mei propose a centrifugal instability of an oscillatory flow as the mechanism for their formation. 15 We do not explore this phenomenon in detail since we have decided to focus upon one-dimensional aspects of the ripples.
III. WAVELENGTH DYNAMICS
For studying the behavior of sand ripples we use the same experimental setup described in Sec. II. We measure the amplitude of the oscillatory motion A, the amplitude of the ripples Ã , and the wavelength of the ripples ⌳ on the outer boundary of the outer cylinder. This means that all length measurement refer to the projection on the outer boundary of the cell. The error of these measurements is Ϯ0.5 mm.
In this section we describe the dynamical behavior of the amplitude Ã and especially of the wavelength ⌳ of the patterns. We keep the amplitude of motion A and the size of particles D constant in the well-defined vortex ripple zone; we choose Aϭ60 mm and Dϭ0.11 mm.
Our first experiment starts with an initially featureless bed. We increase the frequency in small steps. As vortex ripples appear, we wait for stabilization of the pattern and measure Ã and ⌳. Next we drive the system at a slightly higher frequency. In Fig. 7 the wavelength and the amplitude of the ripples are plotted as a function of the frequency. It can be seen that besides the transition points f ␣ and f ⑀ discussed previously there are three additional critical frequencies:f ␤, f ␥ , and f ␦ .
As described in Sec. II, there is a transition from a stable flat bed to the vortex ripple zone at f ␣ . The wavelength is constant in the area f ␣ р f р f ␤ and equal to half of the total amplitude A of the oscillatory motion, while the amplitude Ã of the sand ripples decreases slowly. At f ␤ , wavelength and amplitude both jump about 30%, remaining constant at higher frequencies. Ã decreases linearly between the borders of f ␥ and f ␦ , although ⌳ is still constant. However, at the critical point f ␦ the system goes to a state in which two different wavelengths, a small one ⌳ s and a large one ⌳ l ͑Fig. 8͒ coexist in space. The amplitude Ã vanishes at f ⑀ , where the transition from vortex ripple zone to restabilization is located.
To study the dynamics of the adjustment of the wavelength near the sharp transition f ␤ , we create an initially well-selected pattern at a frequency in the interval ͓ f ␣ , f ␤ ͔ and drive the system at a frequency in the region ͓ f ␤ , f ␥ ͔, where a larger wavelength was found. Figure 9 shows our initial pattern, which was developed by starting with a featureless bed and driving the system for 100 min at the frequency 0.9 Hz. The initial wavelength ⌳ i is well selected and equal to 32.5 mm. Increasing the frequency suddenly to f ϭ1.35 Hz results in the disappearance of four ripples and a final well-selected wavelength ͑Fig. 10͒. ⌳ f is equal to 43 mm and close to the value obtained in the previous experiment. In Fig. 11 , which shows the system after 100 s; numbers indicate where sand ripples will disappear, ordered in time. Figure 11 also illustrates that the wavelengths and amplitudes of the ripples nearby the indicated positions are modulated in space. We observe that any change in the wavelength of the pattern is preceded by a long scale modulation of the wavelength and the amplitude. Thus, the sharp change in the wavelength observed at f ␤ suggests that a long scale modulation of the pattern becomes unstable at f ␤ . This phenomenon has many of the features of the Eckhaus instability. 16 Moreover it is important to note that the wavelength has to be a fraction of the total length of the annular channel. This condition might play a significant role in selecting the final wavelength and amplitude of the pattern and might be a reason for sudden changes of both while changing the driving frequency.
To understand why the system bifurcates at a critical frequency f ␦ , we explore in more detail the area where a bifurcated wavelength exists. Therefore, we carry out runs starting always from the same initial condition which is chosen to be a short and well-selected wavelength. To get the same conditions, we drive the sand-water cell at f ϭ2.15 Hz, obtaining a featureless bed. After that we create a modulated bed with 21 or 22 ripples. Finally, the system is accelerated to the frequency which we wish to examine.
First we measure the relaxation time of the system, by plotting the number of ripples in our cell versus time for f ϭ1.4 Hz. Figure 12 shows that while there are many changes in the first minutes of the evolution, the system goes to a stable number of waves after a time on the order of 10 min. We wait at least 3 times this relaxation time to ensure that the system reaches a stationary state.
Next we measure the local mean wavelength of the pattern in the interval ͓1.35,1.8͔ Hz. The results are presented as a three-dimensional plot in Fig. 13 . From this diagram it is observed that the system has one well-defined wavelength at low frequencies. However, at a critical frequency f ␦ it splits into two separate wavelengths. In this case, f ␥ and f ␦ are close together. This shows that the bifurcation point depends on the history of the system and that it could be related to the decrease of the amplitude of the pattern observed at f ␥ .
Near the critical frequency f ␦ the dispersion of the wavelength is larger than it was in the situation where there is only one or two separated wavelengths. These fluctuations are the analog of the critical fluctuations observed in the order parameter near a phase transition in a system at thermodynamic equilibrium.
It is found that small and large wavelengths arrange mostly in groups of ⌳ s ⌳ l ⌳ s ⌳ l . This grouping can be disturbed by ⌳ s ⌳ s or ⌳ l ⌳ l defects or can be almost homogeneous as seen in Fig. 8 .
By plotting the ratio r of the average short wavelength ⌳ s to the average long wavelength ⌳ l as a function of f, in the region where the wavelength broadening is very small, we get a linear dependence of r on f. This linear dependence can be used to determine the bifurcation point f ␦ , where r must be equal to 1. From the best curve fit we obtain r ϭ3.43Ϫ1.71f . For rϭ1 we obtain f ␦ ϭ1.42 Hz. The dependence of f ␦ on the amplitude of motion and particle size has not been investigated.
IV. FLOW VISUALIZATION
In the previous two sections we studied the development and behavior of sand ripples in an oscillating sand-water cell. Our results raised questions about the mechanism of pattern formation and stabilization. Because of the complexity of the behavior we observed, it appears necessary to explore the coupling between fluid motion and sand waves.
By injecting Kalliroscope into the fluid we visualize the flow structure of the vortices over a rippled surface. Because the structure is extremely complex at high frequencies, we explore the vortex structure at low frequency. The main visualization problems at high frequency are related to the fact that while driving our system in the vortex ripple zone, the flow has small scale fluctuations and the thickness of the viscous layer is too small to observe any structure close to the modulated bed. In our opinion valuable insight can be obtained by visualizing the flow at low frequency, where time and length scales are accessible to our experimental resolution. Moreover, the results presented here can be compared with recent numerical simulations of the flow. 17 Unfortunately, because of the high computational effort involved, the numerical simulation for the actual conditions for ripple formation have not been performed yet. Nevertheless, researchers such as Hara, Mei, and Shum 17 agree that we can improve our understanding of the problem by performing experiments at low frequencies. At this point, to support the previous discussion, we present one of our principal conclusions: By observing the vortex structure at a frequency where vortex ripples actually appear, it is observed that the mean flow contains basically the same features as the flow at low frequencies.
A. Experimental setup
To visualize the flow above the sand ripples we use a linear channel of length 430 mm, width 20 mm, and height 170 mm. This cell is open on both sides, so that the fluid motion is not influenced by lateral walls. To prevent sand from dropping off at the ends of the cell, we build borders in shape of a perpendicular triangle. These borders are at the side where they hinder outflow of the sand perpendicular to the bottom and 23 mm in height. The slope of the triangle relative to the bottom plate is 13°. Since end effects dramatically modify the instability threshold and wavelength of the patterns, we do not carry out a quantitative comparison between the results obtained here and those obtained in previous sections.
We use spherical glass particles of 0.11 mm in diameter. The flow is visualized by injecting Kalliroscope into the water and images are captured by a video camera which is stationary in the laboratory frame.
B. Experimental results
We study the flow over a rippled surface by running our system at low Reynolds numbers. We choose f ϭ0.05 Hz and amplitude Aϭ67 mm. The pattern belongs to the Keulegan-Carpenter number ␣ϭ0.71, where ␣ is defined as A/(2⌳). ͑The pattern is created by driving the system at f ϭ0.9 Hz and Aϭ67 mm. This results in a wavelength of ⌳ϭ47 mm with an amplitude of Ã ϭ8 mm.)
In Figs. 14͑a͒-14͑f͒ we present relevant stages of half a cycle of motion. Figure 14͑a͒ shows the image at the starting point of the cycle. Two different vortices can clearly be seen which were created during the previous cycle. First, there is a circular shaped vortex at the left side of the ripple, which we call the ''catapulted vortex'' and second a different vortex at the right side. We call this vortex the '' vortex,'' because it appears like a small Greek letter which fell over to the right.
While the rippled surface turns from left to right, the vortex moves above the crest pushing the catapulted vortex away. At tϭ0.16 the catapulted vortex vanishes ͓Fig. 14͑b͔͒. The vortex also changes its shape: The higher wing is contracted and now almost perpendicular to the bottom. The remaining part of the vortex continues to turn over at tϭ0.4 until the next ripple arrives at high speed, catapulting this structure up its slope. This process creates a new vortex ͓Fig. 14͑d͒, at tϭ0.77] which finally moves to the next ripple crest ͓Fig. 14͑e͒, at tϭ0.9]. Figure 14͑f͒ shows the image at the end of the cycle and is the mirror image of Fig. 14͑a͒ . Again the same catapulted vortex and the vortex are observed. This scenario is in agreement with the argument of Hara and Mei, 18 who predicted that an oscillating flow over periodic ripples of finite slope develops oscillating vortices. Moreover it is remarkable that the vortex dynamics mirrors the scenario of the particle movement. Visual inspection of images during ripple development shows that there are two bursts of particles as the ripple crests during one-half oscillation of the pattern, namely at t ϭ0.14 and tϭ0.74. After the bursts the particles fill the trough as a cloud. By comparing images, it is obvious that vortex dynamics and particle dynamics are coupled. Hence vortices are responsible for raising sand up the lee side to the crest. In opposition to this destabilizing effect that increases the slope of the ripples, there is the effect of gravity; grains fall down the hills if the slope is too steep. The equilibrium between these effects leads to a well-selected structure.
To summarize the dynamics of the vortices we have made a movie which consists of 110 frames during one complete cycle. There we look at the space-time evolution of two different horizontal cuts: ͑a͒ right at the crest and ͑b͒ in the region of the catapulted vortex. In Fig. 15 , we see the space-time evolution for these two different cuts. It is clearly observed that the phase of the motion of the ripples and the motion of the vortex is shifted by . This result shows that there exists a mean flow by which the vortex is advected. This flow, induced by the bed motion, travels opposite to the ripple motion, in order to conserve fluid mass.
Moreover we find a relation between the characteristic length of the pattern and the vortex structure. It can be deduced from Fig. 15 that the total distance traveled by the vortex ⌬ ͑in half a cycle͒ plus the total amplitude of the oscillatory motion is close to twice the ripple wavelength. In addition ⌬ is also close to half of the wavelength which gives ⌳ϭ2A/3. In the case of Fig. 14 , the vortex created at one ripple enhances the slope of the next nearest neighbor ripple, i.e., it acts on a length scale of two wavelengths. If these conditions were not satisfied the vortex would erode the structure and thus adjust the wavelength.
It should be noticed that other scenarios are possible; for instance for small amplitude ripples, vortex advection is not observed. Small amplitude ripples refer to the pattern ob- served in the experiments represented in Fig. 7 , where ⌳ ϭA/2 at low frequency. In this case ⌬ϭ0 and the wavelength is equal to one-half of the total amplitude of the oscillatory motion. For the same experiments, the transition from ripples with ⌳ϭA/2 ͑small amplitude ripples͒ to ripples of ⌳ equals about 2A/3 ͑large amplitude ripples͒ suggests that the distance traveled by the vortex, which depends on ripple amplitude, selects the ripple wavelength.
Next we investigate the situation in which a small and a large ripple coexist alternatively in space. We create such a state by driving our linear sand-water cell at f ϭ1.25 Hz and Aϭ67 mm.
This gives us a pattern where ripples with small wavelength and amplitude and large wavelength and amplitude alternate spatially. We describe relevant stages of ripples during one half cycle. The cycle is illustrated in Fig. 16 when the ripples start to move from left to right. In Fig. 16͑a͒ to the left above each large ripple a large cell arises. These cells have the shape of an overturned parabola, with the eye of the cell built by the catapulted vortex. On the right-hand side we see a vortex. This vortex can also be found near smaller ripples, although at smaller sizes. But, no catapulted vortex is seen at the left-hand side of the small ripples. The three following images show a familiar process: ͑b͒ the large vortex destroys the catapulted vortex; ͑c͒ the vortex is catapulted by the small ripple; ͑d͒ catapulted vortex arrives at the crest of the large ripple and feeds the eye of the parabolic cell.
The development of the vortex structure during this one half cycle and the existence of the catapulted vortex and the vortex shows that the process which leads on the one hand to an unbifurcated state and on the other hand to a bifurcated state is similar. In spite of this, there are some differences in the unbifurcated state: First, a large cell exists, which is caused by the catapulting of the vortex by the small ripple. Second, a large ripple cannot create a catapulted vortex by lifting the small vortex. From this observation we conclude that the lifting of the large vortex limits the dimensions of the small ripple. Because the large ripple is not forced to catapult a vortex it has a larger dimension. This means that the vortices control the dimensions of the ripples. Again a feedback effect is responsible for a stable pattern. However, this observation does not explain the onset of the bifurcation. Blondeaux and Vittori 9 showed theoretically that there exists a transition process in an oscillatory flow over a rippled surface which leads from periodic behavior to chaos. They observed that an increase of the Reynolds number results in an infinite sequence of period doublings of the vertical velocity above the ripple crest which follows the Feigenbaum scenario.
In their model two parameters are fixed: First, ripple slope ⑀ϭ0.17, which is defined as ⑀ϭÃ /⌳ and second, a dimensionless wave number ϭ0.19 where ϭ2␦/⌳ and ␦ϭ͓/( f )͔ Ϫ1/2 is Stokes boundary layer thickness. To examine the period doublings, they increased the Reynolds number R ␦ , which is defined by ͑2͒ and measured the vertical velocity at a distance 2.25 times ␦ above the ripple crest. They found that a first pitchfork bifurcation appears at R ␦ ϭ14, a second at R ␦ ϭ32, and a third at R ␦ ϭ35. For values larger than R ␦ ϭ37, they predict chaotic behavior of the system. We have carried out experiments under the condition above, however the period doubling scenario was not observed. We believe that in our experiments small disturbances by end effects might completely obscure the phenomenon.
The question of whether or not a temporal route to chaos has a spatial analog was also investigated by Amritkar and Gade. 19 They showed that a wavelength doubling bifurcation can appear in coupled map lattices. We think that to get a better idea of whether coexistence of small and large wavelengths in an oscillating sand-water cell is caused by such a transition, more experiments in cells of very large aspect ratios have to be carried out. In a linear channel end effects might be too important for visualizing the second or third bifurcation. A large circular channel is more suitable for this purpose.
V. CONCLUSIONS
We have studied the development and behavior of sand ripples in an oscillating sand-water cell. The mechanisms involved in this pattern forming process were investigated by visualizing the vortex structure of the flow above the rippled surface.
In Sec. II we showed that the problem can be reduced from two dimensions to one dimension by working in a sufficiently narrow channel. By using a closed annular channel instead of a linear open one we avoid end effects. This allows us to explore different regimes more accurately and in a relatively short time. We showed that the vortex ripple zone can be defined by two limiting borders. These limits are con- sistent with simple predictions resulting from the equilibrium of forces acting on the particles and dimensional arguments. Finally we predicted a critical point at small amplitudes of motion and high frequencies, below which no ripples develop.
In Sec. IV we focused on the dynamical behavior of the wavelength. We showed that while exploring the vortex ripple zone by increasing the frequency in small steps, we get three new transition points. The first is a sudden increase in wavelength and amplitude of the ripples, a linear decrease in the amplitude and finally, we obtain a critical frequency, where there is a spatial separation between small and large ripples. We relate these critical points to long scale modulations of the pattern; they become unstable, destroying some cells and allowing a final adjustment of the wavelength.
By visualizing the flow above the modulated bed, we showed that these transitions are also related to the advection of the vortices. We suggested a resonance condition between the amplitude of motion, the ripple size, and the distance traveled by the vortex as a generic mechanism responsible for wavelength selection. When the resonance condition is not satisfied vortices erode the structure, modifying its wavelength. Finally, the coexistence of small and large cells in the pattern is associated with a transition from small wavelength ripples to large wavelength ripples.
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